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Human Health Effects of Air Pollution
by Lawrence J. Folinsbee'
Overthe pastthreeorfourdecades, therehavebeenimportantadvancesintheunderstanding oftheactions, exposure-
response characteristics, and mechanisms ofaction ofmany common air pollutants. A multidisciplinary approach us-
ingepidemiology, animaltoxicology, andcontrolled humanexposurestudieshascontributedtothedatabase. Thisreview
willemphasize studiesofhumans butwill alsodrawonfindingsfromtheotherdisciplines. Airpollutants havebeenshown
tocause responsesranging fromreversiblechanges inrespiratorysymptomsandlungfunction,changesinairway reac-
tivity and inflammation, structural remodeling ofpulmonary airways, andimpairmentofpulmonary hostdefenses, to
increased respiratory morbidity andmortality. Quantitative andqualitative understandingoftheeffectsofasmallgroup
ofair pollutants hasadvanced considerably, but the understanding is byno meanscomplete, andthebreadthofeffects
ofall air pollutants isonly partially understood.
Introduction
Community airpollution is aproblemthat is asold asciviliza-
tion, and on a smaller scale must date back to prehistoric
cultures. Surely the black linings ofcaves inhabited by some of
our ancestors areevidence ofindoorairpollution withwood or
coal smoke, pollutants whichhavedrawn moreattentionrecently
as asignificant risk factorinthedevelopment oflung cancer(1).
Understandably, smoke was the first pollutant to be regulated
(2). In the present century, there have been several major air
pollution "disasters" (Meuse Valley, Belgium, 1930; Donora,
PA, 1948; London, 1952). To the extent that real changes in the
control of air pollution occurred in the United States, these
episodes apparently did notgenerate sufficientpolitical orpublic
health interest in the health effects ofair pollutants. The Clean
Air Act of 1963 and its subsequent amendment in 1970, along
with formation ofthe Environmental Protection Agency led to
implementation ofNational AmbientAirQuality standards for
several majorpollutants (photochemical oxidants [ozne], sulfur
oxides, nitrogen oxides, carbon monoxide, hydrocarbons, and
particulate matter; lead wasaddedlater, andhydrocarbons were
incorporated in the ozone standard). The passage ofthe Clean
Air Act sparked a renewed interest in the health effects of air
pollutants that has continued to the present.
The investigationoftheeffects ofairpollution onhumanhealth
has followed a multidisciplinary approach using animal tox-
icology, epidemiology, controlled human exposurestudies, and,
more recently, molecular and cell biology. Air pollutants may,
in addition toother responses, cause lung cell damage, inflam-
matory responses, impairmentofpulmonary hostdefenses, and
acutechanges inlung functionandrespiratory symptoms aswell
as chronic changes in lungcells andairways. Substances subse-
quently absorbed into the blood, such as lead or carbon mon-
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oxide, can have a variety ofeffects onother tissues. Acute and
chronicexposuretoairpollutants isalsoassociatedwithincreas-
ed mortality and morbidity. The focus ofthis review is on the
humanhealtheffectsofairpollutantsasdeterminedthroughcon-
trolled human exposure studies and emphasizes the responses
that have been shown with ozone, sulfur dioxide, and carbon
monoxide. Aneffort was made to include key studies that add-
edimportantinsight intothehealtheffectsofairpollutants and
whichledtouseofthesefindings intheestablishmentofregula-
tions. Acomprehensive reviewofthebiological responses toair
pollutants is presented in the Air Quality Criteria Documents
(3-8) and in the National Acid Precipitation Assessment Pro-




affectslung functionandlungmorphology. Thediscovery ofthe
physiologicaleffectsofozonewas firstreportedbySchonbein in
1851 (10). Hedescribedtypical symptoms includingcoughand
pain inthechest, which are still reported today, although in his
casethesymptoms werequite severebecauseofthehigherozone
concentrations which he breathed. In 1876, Richardson (11)
pointedoutthepossiblecommunity-wideeffectsofozonewhen
he suggested that there may be times when the ambient ozone
levelmaybehighenoughtocausesymptoms. Despitetheseearly
observations and the subsequent investigation ofoccupational
health risks associated with ozone, the realization ofpotential
health effects from ambient ozone dates back primarily to the
1950s.
Animportantobservationwasmadein 1967by Wayneandco-
workers (12), who reported that the seasonal improvement in
race times ofhigh school cross-country runners was inversely
relatedtotheambientozoneconcentration. Although lungfunc-
tionandrespiratory symptoms werenotexaminedinthis study,
itwas knownthatconsiderably higherconcentrations ofozoneL J. FOLINSBEE
could cause alterations in lung function in resting subjects
(13-15). The importanceofthis study (12) was that it indicated
that heavily exercising, healthy, young men could experience
adverseeffects at relatively low ozone levelscommonly found in
the ambient air. The observation that exercise during high-
concentration ozoneexposurecausedamarkedincrease intox-
icity to rats hadbeenmademanyyearspreviouslyby Stokinger
and colleagues (16).
Subsequently, Bates and associates (17), in a controlled
chamberexposure study, demonstratedthatozoneexposurethat
includedmild, intermittentexercisecausedamarkedlyincreased




delivery ofairpollutantstothepulmonary targettissues. Thein-
termittent exercise exposureprotocolused inthisstudy, designed
to simulate moderateoutdooractivity, waslateradoptedbymany
other investigators. Thesefindings wereextendedandconfirmed
byothers (18-23) who showedthatincreasingtheexercise inten-
sity or exposure duration further exacerbated the pulmonary
function responses.
In addition topulmonary function responses, Folinsbee etal.
(24) foundanalterationofthebreathingpatternduringexercise
as well as adecline inmaximumoxygen uptakeafterozone ex-
posure (25). Alterations inlungfunction, breathingpattern, and
exerciseperformance havenowbeenconfirmed inheavily exer-
cising subjects exposed to ozone concentrations as low as 0.12
ppm (23,26,27). Thedose-response studybyMcDonnell etal.
(27) hasprovided importantdata [seealsoKulleetal. (28) and
Avol et al. (29)] for the risk analysis used to support the 1-hr
ozone standard. Additional studies fromEPXs Clinical Research
Branch oftheeffectsofprolonged exposures to lowozone con-
centrations (23,30,31) willbeuseful inanalyzingtheneedfora
multihour ozone standard.
These studies have been instrumental in shifting from a
simplistic concentration-response evaluation ofcontrolled ex-
posuredata tomorecomplex riskanalyses thatconsideractivi-




estimate human responses (animal to human extrapolation),
essential to the evaluation of many pollutants for which
controlled human exposures are impossible, was to determine
differences in respiratory tract ozoneuptake between man and
animal (34,35). Concentration response studies atdifferent ex-
ercise levels (22,27,29,30) have illustrated the importance of
ozone concentration in the prediction ofresponse (36). Com-
parisonsofresponsestoambientexposureseitherinuncontrolled
"camp" studies(37,38) orincontrolledexposurestoambientair




individuals who are atgreatest riskfromexposuretoairpollu-
tants. Themostlikelycandidates forthisdistinctionoften include
children, theelderly, patients withlungdisease suchasasthma
andchronic obstructive lungdisease (COPD), smokers, andpa-
tientswithotherdiseases; many suchindividualshaveundergone




tacks in asthmatics (41). However, asthmatics (42,43) have
similar changes in spirometry and airway reactivity, although
somewhat larger changes in airway resistance than healthy
adults. PatientswithCOPDhavenotshownremarkablechanges
inlungfunction(44), butthepotentiallymoreimportantchanges
in lung host defenses and airway inflammation have not been
evaluated. Smokers (21)andhealthyolderadults (45) appearto
belessresponsivetoozonethanhealthyyoungadults. However,
there is a broad range ofresponsiveness among healthy adults
(27,46)andresponsesarereproducible(47). Factorsthatpredict
individual sensitivity toozonehaveyettobedefined, despiteat-
tempts to do so (48), although it is clear that increasing age
(45,48) isassociatedwithdecreasedresponsivenesstoozone. A
group ofhealthy individuals at increased risk from ozone ex-
posurearethosewhoengageinvigorousoutdoorworkorexer-
cise (23,49) orathletic competition (26,50).
RepeatedExposure
In 1956, Stokingeretal. (16)demonstratedthata6-hrexposure
to 1 ppm ozone was lethal to rats: However, animals that were
preexposed to 1 ppm ozone at rest developed "tolerance" and
werenotkilledevenby severalsuccessivedaysofexposurewith
exercise. Although research had been directed at the effect of
residing inareasencumberedbyoxidants (e.g., LosAngeles)on
respiratory symptoms (51-53), no serious attempts have been
madetodeterminethechroniceffectsofoxidantairpollutionon




tothisquestion nowthan20yearsago. Apparentdifferences in
responsetoozonebetweenresidentsofLosAngelesandofother
cities(56)ledtoanexaminationoftheeffectsofrepeatedozone
exposure in humans (57). Although these and other studies il-
lustrated acompensatory responseto repeated ozone exposure,
itremainsunclearwhethercontinuousresidenceinapolluteden-




enhancedpulmonary function responsewithin 12-48 hr(58,59)
butafter3-5daysofexposureleads toanattenuatedpulmonary
functionresponsiveness. Thisattenuated responsepersists forup
toaweek(46,60,61) butmay lastconsiderably longerforother




tional responses but show a pattern ofprogressive damage to
epithelial cells and airway inflammation with increasing
numbersofinflammatorycellsintheterminalbronchiolarregion





sistent change in responsiveness to ozone. Linn et al. (65)
demonstratedthat Los Angeles residents who weresensitiveto
ozone inthespring werelessresponsive toozoneexposureafter
the summerandfalloxidantairpollution seasons. However, after
a winter ofrelatively lowozone levels, they had regained their
responsiveness bythefollowing spring. This importantfinding,
which confirms previous anecdotal reports, strongly suggests
thatsomelong-term responseiscausinganalteration inthesen-
sitivity to ozone exposure. In rats and monkeys repeatedly ex-
posed toozoneforprolongedperiods, cellularremodelingofthe
lungoccurs, resulting inathickenedairwayepitheliumandaper-
sistent inflammatory lesion (66-68). Similar responses in hu-
mans may be responsible for the seasonal decrease in ozone
response.
Inflammation andAirway Hyperresponsiveness
Damagetoairway epithelial cells leadstoacascadeofevents
thatresults inairway hyperresponsiveness (AH) andairway in-
flammation. Exposureofdogs(69) orguineapigs(70)toozone
hasbeen showntocauseAHtohistamine. Holtzmanetal. (71)
also demonstrated AH in humans after ozone exposure and
showedthattheinductionofAHtononimmunologic stimulidid
notappear tobe related toother factors knowntobeassociated
withAH suchasatopyorallergy. Itwassubsequently shown(72)
that ozone-damaged epithelial cells could elaborate mediators
(prostaglandins E2 andF2,,, leukotrieneB4)responsible forAH,
airway smoothmuscle shortening, orairwayinflammation, and
itiswellestablishedthatozonecausesdamagetoepithelialcells
(73,74). Anumberofanimal studieshavedemonstratedthatair-
way inflammation is temporally associatedwithozone-induced
AH (75,76). Thetemporal associationofinflammation andAH
is notobserved inall species (77,78)anddoes notimply acausal
relationship.












edbyKorenetal. (82), Devlinetal. (83), andGrahametal. (84),
whohave shownairway inflammatory responses from 1 to 18hr
afterozoneexposure atconcentrationsaslowas0.10ppmaswell
as nasal inflammatory responses athigherozoneconcentrations.
In addition to increased numbers of neutrophils, these in-
vestigators reportedelevated levelsoffibronectin, knowntobe
involved inthecellularrepairprocessandtobechemotactic for
lungfibroblasts, andinterleukin-6, whichmayplayanimportant
role in the induction ofinflammatory responses.
Examination ofozone-response mechanisms inhumanshave




appear to be related to the cough and pain on deep inspiration
which are typical symptoms of ozone exposure. Broncho-
constrictionisnotnecessary forthechanges in spirometry seen
inhealthy adultsexposedtoozone. Atropine inhibits theincrease
inairway resistance, indicating theparasympatheticreflexnature
ofthisresponse (87). Thespirometry responses arenotaltered
by atropine, although they are partially inhibited by lidocaine
sprayed intotheupperairway (88). Preexposuretreatmentwith
cyclooxygenase inhibitors (indomethacin, ibuprofen) causes a
reduction or inhibition ofpulmonary function and respiratory
symptom responses to ozone (85,86; M. J. Hazucha, personal
communication), indicatingtheimportanceofarachidonic acid
metabolites to the induction of some ozone responses. The




Sulfur dioxide has polluted the atmosphere for most ofthe
earth'shistory. However, concern over SO2 as amodernpollu-
tantwasheightened inthemiddleofthiscenturybytheLondon
"fogs," ofwhichSO2wasamajorcomponent. In 1953, Amdur
andco-workers (89) examinedthe responses ofmenbreathing
upto 8ppmSO2inoneofthefirstcontrolledstudiesofhumans
exposedtoairpollutants. Theydemonstrated thatSO2causeda
changeinrespiratory pattern andthattheeffect was concentra-
tiondependent. Thisstudyisimportantbecauseitrepresentsthe
emergenceofphysiological measurements as markersoftheef-
fects of air pollutants. The authors noted that some subjects
became tolerant of even the highest concentration (8 ppm),
whereasotherscouldonly toleratethelowestlevels (1-2 ppm).
ItwasalsofoundthatindividualshabituallyexposedtoSO2did




covered on anumberofoccasions since. Frankandcolleagues
(90) subsequently studied a larger group ofsubjects in a more
rigorous fashion. TheydemonstratedthatSO2causedincreased
airwayresistance, whichwaslatershowntobeduetoreflexbron-
choconstriction (91). They confirmedthatthe response toSO2
wasrapid, dosedependent, andtendedtoreachapeakafterabout
10minorso. Inthisstudy,theauthorsalludedtothepossibledif-
ferences in oral versus nasal breathing and that the mode of
breathing might alter responses. Subsequent studies (92) con-
firmed that mouth breathing ofSO2 caused greaterchanges in
pulmonary resistance than the same concentrations breathed
through the nose. SO2, even at relatively high concentrations,
was almost completely removed by the nasal mucosa during
restingbreathing. Inaseriesofexperimentsperformed ondogs,
removalofSO2wasshown tobedependentontheupper-airway
breathing path (i.e., noseormouth) as well as theair flow rate
(93).




subjects as wellasotherfactorsthatcould increaseordecrease
responsestoS02. Theincreasedventilationduetoexerciseisone
determinantofthevolumeofpollutantdelivered tovarioustarget






from strictly nasalbreathing tooronasalbreathing, thusincreas-
ing the relative amount of air breathed through the mouth.
However, even in heavyexercise, some40-60% oftheinspired
air isbreathedthrough the nose. Forpersonswithimpediments
to nasal breathing such as a deviated nasal septum or allergic
rhinitis(95),thetransitiontooronasalbreathingwilloccurata
lower ventilation. S02 does notappear to increasenasal resist-







it was almost 30years afterthe London fogepisodes thatthese
responses werefinally studied. Inaddition topreviousstudiesof
asthmaticsexposedtoozoneandNO2,thishypothesiswasallud-
ed to by Kreisman et al. (97). However, confirmation ofthis
hypothesis wasprovidedin aseriesofexperimentsbySheppard
and co-workers (98-102) and was examined concurrently by
Koenig et al. (103). It was shown that asthmatics were more
responsive toinhalationofSO2thanhealthysubjectsandthatthis
effect wasclearlyexacerbatedby simultaneousexercise, overand
abovethe knowneffectofexercise-induced bronchoconstriction.
Numerous papers (104-108) extended and confirmed these
observations, showingthathigherventilations increasedtheair-
way responsetoagivenSO2concentration, andmouthbreathing,
as opposed to nasal breathing, exaggerated the response
(109,110). Inhalation ofSO2inairwithalow watervaporcontent
(either cold or dry) also increased SO2 responsiveness in
asthmatics (102,111), possiblyduetodryingoftheupperairway
mucosa leading to decreased scrubbing ofSO2bythe mucosa.
An alternative explanation is thatdissolved SO2 or its reaction
products could have been concentrated in the airway surface
fluids because ofevaporation ofwater.
AtSO2exposure levelsexceeding0.5ppm, bronchoconstric-
tion will typically occur in exercising asthmatics (104,110).
Horstmanetal. (105)examinedtheSO2concentration-specific







is rapid; a nearmaximal response inasthmatics occurs inabout
5-10 min, andsignificantincreases inairway resistance canbe
seen with exposures as brief as 2 min (112,113). Spontaneous
recoveryoftenoccurswithinabout30-60min. Healthysubjects
typically experience responses withinaboutthe first 30 minof
exposuretohigherconcentrations (90); extendedexposures to
relatively lowconcentrations (0.75 ppm)do nottendtocause in-
creased responses (114).
Repeated exposureofasthmatics to low levels ofSO, (< 1.0
ppm) resultsinadiminished responsiveness toSO2(tolerance)
(101,104). Rogeretal. (104)demonstratedthat, inasthmatics, the
response to SO2 was diminished with repeated exerciseduring
exposuretoSO2. Thisdecreasein response isatleastpartlydue
to the well-known response to repeated exercise in asthmatics
thatinducesaperiodofrefractorinesstoexercise-inducedbron-
choconstriction. The diminished response to SO2 is evident in
about30 min, butinitialresponsiveness is restored within 6 hr
(115). The blunted response is not caused by diminished non-
specificairwayresponsivenessbecausetheresponsetohistamine
is unchanged at the time when S02 response is reduced (101).
Furthermore, there is no convincing evidence that SO2 alters
nonspecificairwayresponsiveness, althoughtheremaybeaweak
relationship between nonspecific airway responsiveness and
responsiveness to SO2 among asthmatics (105,116,117).
ThemechanismsofresponsetoSO2, havebeenaddressed in
several studies. Becauseoftherapidonsetandreversibility, it is
likelythattheS02-inducedincreaseinairway resistanceiscaus-
edby reducedairwaycalibersubsequenttosmoothmusclecon-
traction via a parasympathetically mediated reflex (91,98).
Muscarinicblocking agents have been shown to be effective in
inhibiting S02-induced bronchoconstriction (118). Cromolyn
sodiumalsoinhibitsS02-inducedbronchoconstriction (99,119),






nounced. In 1942, Cralley (120) observed that 25 ppm SO2 in-
creasedthetransittimeforreddyetotraversefromthenarestothe
nasopharynx. Inaseriesofstudies,Andersenetal. (121,122) con-
firmedthatnasalmucociliary transportwasindeedslowedby ex-




ed rhinovirus infectivity (122).
Nitrogen Dioxide
Nitrogen dioxide is the main precursorofozone and as such
itisamajorcomponentofoxidantairpollution. Themajorhealth
endpointsthathavebeenassociatedwithNO2areincreased in-
cidenceoflowerrespiratory tractinfections inchildrenand in-
creasedairwayresponsivenessinasthmatics. Thesmallairways
aretheprimary siteofN02-induceddamage. In controlled ex-
posurestudies, atlevelsoflessthan 1 ppm, NO2doesnotinduce
pulmonary function responses (124,125) or changes in airway
responsiveness (126,127) inhealthy subjects, although little, if
any, functionalevaluationofsmallairwayshasbeenperformed.
NO2 causes an increase in airway responsiveness to metha-
cholineorhistamineinhealthy subjects(128) andinasthmatics
(129,130). Unfortunately, thedatabase forhumanexposures to
NO2 lacks consistency and reproducibility. For example,
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twogroupsthatinitially reportedsmallchangesinlungfunction
associated with NO2 exposure in asthmatics (131,132) were
unableto replicate theirfindings. Nevertheless, asthmaticsand
COPD patients appeartobemostsusceptible toNO2 (126,133).
Long-term exposure to NO2, typically in homes with gas-
burning appliances, appears to be associated with increased
susceptibility to lower respiratory tract illness (134,135). This
observation is strongly supported by acute and chronic animal
exposure studies (136-140). In these studies, mice exposed to
NO2 experienced greater mortality from induced bacterial or
viral infections thanmicenotexposedtoNO2. Theseeffectsmay
beassociatedwith impairedmucociliary clearancemechanisms
anddepressionofalveolarmacrophage function(141). Investiga-
tionofhostdefense responses inNO2-exposedhumans isinthe
early stages, and, although thereappearstobesomedecreasein
inactivation ofvirusby macrophages (142), furtherworkwillbe
necessary to confirm these findings. NO2 does not appear to
cause aninflammatory response liketheothercommonoxidant,
ozone. However, therehasnotbeensufficientexaminationofthe
cellular response to NO2 to make anyconclusions at this time.
Carbon Monoxide
Carbon monoxide is an odorless, colorless gas created pri-
marily by incompletely combusted fuels. CO hasahigh affini-
ty forhemoglobin, interfereswithoxygentransporttothetissues,
and is well known to cause poisoning at high concentrations.
However, suchhigh levelsareoflittle interesttothoseconcerned
with health effects ofcommunity air pollution. Because ofits
association withcombustion, deathassociatedwithpoorly ven-
tilated fires (and hence from COpoisoning) wassurely known
toprehistoric man. Therearenumerous records, dating backto
thetimeofRomancivilization (143), thathaveassociated firein




COexposureoccurs inurbanareas nearroadways, smoke-filled
rooms, andpoorly ventilated areas impactedby combustion ap-
pliances and other combustion sources such as in parking
garages and traffic tunnels.
Thehighaffinity ofCOforhemoglobin (Hb) was studiedina
seriesofexperimentsby Haldane(144)beforetheturnofthecen-
tury. Inexperiments conducted onhimselfandhiscolleagueshe
established that the relative affinity of CO for Hb was about
250-300 times that ofoxygen. More recently, Roughton (145)
reported afigureofabout245-foldgreateraffinity. Thishighaf-
finity isimportant inclearingendogenously producedCOfrom
the tissues. Carboxyhemoglobin (COHb) levels are normally
lessthan 1% innonsmokers. However, whenambientCOlevels
are increased, oxygenbinding sites onHbbecomeoccupiedby
CO and cause a corresponding decrease in oxygen-carrying
capacity. Theincrease inCOHbalso results in aleftward shiftin
the oxyhemoglobin dissociation curve, resulting in decreased
unloading ofoxygen atthe tissue level (146).
Theclearance ofCO fromtheblood isrelatively slow with a
half-time forexcretionofabout3-5 hr(147). COcanaccumulate
inthebloodasaresultofprolongedexposure tolowconcentra-
tions (10-30 ppm) or brief exposure to high concentrations
(> 100 ppm) ofthe gas. After 1 hr ofexercise in the midst of
traffic congestion (mean levels of
- 10-15 ppm CO), COHb
levels could reach 3-4%. Once COHb is elevated, relatively
modestlevelsofCO(10ppm) will slowtheclearanceofCO from
thebloodbyreducingthegradientforexcretionviathelung. The
dynamicsofCOuptakeandexcretionarewelldescribed by the
equation developed by Coburn et al. (148).
Increased COHb levels can impairexercise performance by
reducingmaximal oxygenuptake(VO2max) (149,150). V02max
isdecreasedabout 10% insea-level nonsmokersasaresultofin-
creasing the COHb level to about 10%. Analysis ofnumerous
studies of CO's effect on V02max (151,152) indicates a linear
relationship between percent COHb and percent decrease in
VO2max, although no statistically significanteffectsonexercise
performance have been observed below about 4-5% COHb.
Carbonmonoxide reducespeak V02primarilybyreducingthe
oxygen-carrying capacity ofthe blood and causing a leftward
shiftoftheoxygen-hemoglobindissociation curve(146). Mod-
eratesubmaximalexerciseperformance (30-60% maximum) in
healthy individuals is unimpaired, with COHb levels below
about 15%, asacompensatory increase incardiacoutputmain-
tains tissue oxygen delivery (153).
Sensitive Subjects
Patientswithcardiovasculardiseaseareatincreasedriskfrom
COexposure. Thedecreaseinoxygen-carrying capacity andthe
impedimentto tissue oxygen unloading imposed by the shift in
the oxygen dissociation curve combine to contribute to tissue
hypoxia in patients whose compensatory cardiovascular re-
sponses maybelimited. Individualswithhealthy coronary cir-
culations compensate forincreased COHb levelsby increasing
coronary flowtomaintainoxygendelivery. Theinabilityofmany
cardiac patients to substantially increase coronary flow means
that increased COHb levels present the threat of myocardial
hypoxia (154).
InitialobservationsofanginapatientsexposedtoCOinheavy
freeway traffic (155) indicatedmarkedincreasesinCOHb (upto
about5%). Subsequently, itwas shownthatanginapatients ex-
posed to CO (156) had a more rapid onset ofexercise-induced
anginaandincreasedischemicchangesintheelectrocardiogram.




response was considerably less than previously reported. For
each 1% increase inCOHbabovethebackgroundlevelofabout
1% there was a4% decrease in timebefore ischemic changes.
Thus, ataCOHblevelof4%, a 12% decreaseintimetoonsetof
ischemic changes and a7% decreaseintime to onsetofangina
was observed. Similar orpossibly higher levels ofCOHb may
occur infreeway commuters (158), policeofficers, auto tunnel
workers (159), or garage attendants. At slightly higher COHb
levels of6%, Adams et al. (160) found a reduction in left ven-
tricularejectionfractioninadditiontoreducedexerciseduration
and time to angina, but these responses were not observed at
lowerCOHb levels (3.8%) (161).
Cardiacpatientswithelectricalinstabilityofthemyocardium
leadingto frequentarrhythmias are at increased riskofsudden
death. Lowlevelsofcarboxyhemoglobin (< 5% COHb)do not
appeartobearrhythmogenic (162,163), butasignificantincrease
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in exercise-related arrhythmias, both single and multiple pre-
mature ventriculardepolarizations, was seen incardiacpatients
with only slightly higherCOHblevels(6%) (164). Althoughthe
mechanism is not understood, the increased mortality from
arterioscleroticheartdiseaseintraffictunnelworkers(159)could
be related to CO-inducedarrhythmias.
Neurobehavioral Studies
There has been considerable interest in the effect ofCO ex-
posure on neurobehavioral performance. A number of early
studies suggested that CO, at levels below 20% COHb caused
changes in visual sensitivity (165) or time estimation (166).
However, morerecenteffortsusingwell-controlledstudieswith
larger groups of subjects have been unable to confirm these
observations(167-169). Indeed, Benignus etal. (170)conclud-
ed from ameta-analysis ofstudiesofCOandneurobehaviorthat
only small responses would be observed inhealthyyoung sub-
jectsbelow aCOHb levelofabout20%, alevelwhichwouldnot
be reachedduring ambientexposure. Oneofthehypotheses ad-




oxygen content does not lead to a reduction in overall oxygen
delivery. Despite the numerous studies of neurobehavioral
responsetoCOexposure, thereisaneedforabetterunderstand-




London "killerfogs" ofthe 1950s. Today, inadditiontoH2SO4,
nitric acid vapor isrecognizedasasignificantcomponentofair-
borneacidity. Despitethefactthatinvestigations oftheeffectsof
sulfuric acidaerosolsbeganin 1952 (172), littleisknownabout
thepossiblemechanismsbywhichacidaerosolscouldcontribute
to increasedmortality (173). Increased interest insulfuric acid
aerosolsdeveloped in 1975(174)withtheadventofcatalytic con-
verters, earlymodels ofwhichproduced substantial amountsof
acidaerosol. More recentemphasis onacidrainanditsimpor-
tant ecological effects (9) has renewed interest in the human
health effects ofacid aerosols.
The most sensitive physiological end point for effects of
sulfuric acid in healthy adults is a change in mucociliary
clearance (175), apparently inducedby increasedairway acidi-
ty. Responses in humanshave been reported at levels as low as
10014g/m3 (176,177). Inhealthyadults, therehavebeenfewlung
function responses seenatacid levelsbelow 500yg/m3, alevel
approximately 10-fold greater than the highest ambient levels
measured. Attheselevels, H2SO4alsocauses anincreaseinair-
way responsiveness (178). Recentworksuggeststhatprolonged,
repeated exposures toacidaerosols may induceincreasedairway
responsiveness andchanges inclearance (W. S. Linnetal. and
T. R. Gerrity et al., personal communication). Adolescent
allergic asthmatics aremoresensitivetoH2SO4, andresponses
have been observed atlevels as low as70-100 tg/m3 (177,178).
The broad rangeofresponse toacidaerosols maybe inpartat-
tributable to the substantial and highly variable capability for
neutralization ofacidbyairway ammonia, primarily from oral
bacteria (181).
StudiesofexposuretoHNO3vaporhavebeenperformedon-
ly recently (180; S. Becker, personal communication). These
studies suggestpossiblepulmonary functionresponses inasth-
matics and some alterations ofmacrophage function. Because
HNO3vaporistakenupalmostentirely intheupperairways, it
willbeimportanttoexamineresponses inthenose, anareathat
has atpresent been overlooked.
More work is necessary to understand the effects ofacid in-
halation on mucus-producing cells, mucus rheology andbuffer-







particulate exposure andincreased mortality (173).
Particulate Matter
Acuteexposuretoairborneparticlesisassociatedwithincreas-
ed mortality (3,173,184). The 1952 London fog was associated
with about 4000 excess deaths, primarily among those with
preexistingcardiovascularorrespiratorydisease (185). Schwartz
andDockery(184)examineddailymortality andtotal suspended
particulate (TSP)levels inPhiladelphiausing aPoisson regres-
sionmodelcontrolling forserialcorrelations andfoundasignifi-
cantassociationofTSPlevelandmortalityonthefollowingday.
Theassociation was strongerforpersonsovertheageof65 and
for respiratory deaths (COPD and pneumonia).
Exposuretoparticulatematter(PM)isalsostronglyassociated
withmorbidity. Dockeryetal. (186), aspartoftheHarvardSix-
Citiesstudy, demonstratedadecreaseinpulmonaryfunctionthat
was associated with episodes ofPM and SO2 pollution. These
decrements inlungfunctionappeartopersistforseveral weeks
aftertheepisode. RecentstudiesofchildreninaUtahcommunity
showedthatrespirableparticulate(PM < 10,umorPM1o) levels
of 150tg/m3 were associated with a3-6% decline in peak ex-
piratory flow, aneffectthatpersisted forupto3days(187). Fur-
thermore, Wareetal. (183) showedthattheprevalenceofcough
andbronchitis waspositivelyassociatedwithambientparticulate
concentrations. Recentandveryconvincing evidence supports
theseobservations. Pope(188,189) demonstrated adoubling of
respiratory hospital admissions for bronchitis and asthma
associatedwiththeoperationofasteelmill, responsibleforpro-
duction ofup to 70% ofthe regional PM10. Asthma and bron-
chitisadmissions werealsotwiceashighasinadjacentareas not
impactedbythesteelmill; thesedifferences weremuch smaller







tion, oringestion; theeffectsgenerally cannotbedifferentiated
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between exposure routes. Although theeffects ofingested lead
were evident in ancient times (190), the public health sig-
nificanceofairborne leaddatesbackprimarily totheextensive
useoflead ingasoline, which may haveaccountedforas much
as90% ofairborneleadbeforethemandatedeliminationoflead
in motor vehicle fuels. Some ofthe most important health end
points associated with low-level leadexposurearethecomplex
ofneurological deficits (191), particularly in children, modest
elevations in blood pressure in adults, and developmental pro-
blems. Controlledhumanexposureshaveplayed littleifany im-
portant role indeterminingtheseproblems, although moreeffort
must be expended to understand the mechanisms of these
responses inthe future.
High blood lead (PbB) concentrations cause frank brain
damageand slowingofnerveconduction (192,193). Intelligence
(IQ) deficits inchildren havebeenassociated withPbBlevelsas
low as 10-15 ig/dL (5,194-196), and there appears to be no
evidenceofathreshold fortheeffect(197). Inaddition, hearing
isadversely affectedby increased PbBlevels (198,199) alsowith
no evidence for a threshold. Other electrophysiological re-
sponses havebeen reported inchildren withelevated PbBlevels
(198,200) andleadexposure inyoungmonkeyshasbeenshown
to cause scotopic visual deficits (201).
ElevatedPbBlevelsarealsoassociated withdevelopmental ab-
normalities including fetal neurologic damage (202), reduced
birthweight(203), reducedstature(204), andslowerattainment
ofdevelopmental milestones (199). Thepositive associationof
PbB levels with blood pressure has been noted in several
epidemiologic investigations (205-207). Modest elevations in
pressure havebeenassociatedwithPbBlevels intherangeof30
ltg/dL, although the mechanism ofthis response has not been
established.
Ambient Air and Pollutant Mixtures
Oneoftheproblems ofrelating healtheffectsofexposuresto
singlepollutants inanenvironmental chambertoresponses ex-
perienced in the ambient environment is that ambient air is a
complex mixture ofseveral gaseous and particulate pollutants
that varies markedly from location to location and from day to
day. Numerous chamber studies have been performed using
gas-gas mixtures or gas-aerosol mixtures. In addition, field
studiesthattakethecontrolledexposuremethodology (minusthe
environmental controls) intotheambientenvironmenthavebeen
important in validating chamber responses and vice versa.
Oneearly study (208)usedtheinterestingapproachoftrying
togenerate asmogmixturedirectly fromautomotiveengineex-
haust piped through a transparent tube exposed to sunlight.
Althoughthistechniquefiiledtocatchon, theissueofagingor
temporal changes in the makeup ofpollutant mixtures has not
beenwell studied. Oneoftheearly studiesofgas-gasmixtures
wasthereportofHazuchaandBates(209), whichpurportedto
show astrikinginteractiveeffectofozoneandSO2incombina-
tion. Pulmonary function responses to ozone were increased
substantiallybytheadditionofSO2tothechamberatmosphere.
Numerous attempts (210,211) weremadetoreplicatethis study
butnoneshowedthisstriking "synergistic" responseinhealthy
subjects. On the other hand, asthmatics exposed first to a low
levelofozoneandsubsequently toSO2showedasignificantdrop




tionanddiscovered, asLefohnetal. (213)did, thattherearevery
few occasions when SO2 and ozone coexist at near equivalent
concentrations. Becauseofthe complexities oftheambient air
mixtures, itis, forallpractical purposes, impossibletoexamine
every possible mixture andtemporal combinationofgases and
aerosols inadose-response fashion. Itisimportanttostudy mix-
tures, butprimarily thosethatare likely tobe present, and in a
similar timeframe, as they occur in the ambientenvironment.
Mixtures ofozone and NO2 in controlled human exposures
havetypically yielded similar responses inpulmonary function
as are seen with ozone alone (124,214). Mouse infectivity
studies, ontheotherhand, haveshownadditiveorsynergisticef-
fectsofthismixtureonpulmonarybacterial infections (140,215).
Koenig et al. (216) found no increase in response to SO2 in
allergic adolescents when a sodium chloride droplet aerosol,
hypothesizedtoenhanceSO2transporttothelowerairways, was
added to the SO2. Neither sequential (217) nor simultaneous
(218)exposures toozoneandH2SO4changethepulmonary func-
tion response from that which would be expected alone. The
absenceofanadditiveeffectforoneendpointdoesnotimplythat
other responses, not easily measured noninvasively, will not
show additiveorsynergistic responses. However, apresumably
moreinterestingendpointtoexamineforasynergisticresponse
toozoneplusH2SO4wouldbemucociliary clearance, which is
known to bealtered by acid aerosol exposure (176).
Field studieshave, ingeneral, supportedthefindingsofcon-
trolledexposurestudies. Theozonedose-responsestudyofAvol
etal. (29), involvedcontrolledozoneexposuresperformed ina
groupofsubjectsalsoexposed toambientair. Thesimilarity of
response between ambient air and purified air containing a
similarozoneconcentration suggestedthattheotherpollutants
in Los Angeles air did not add significantly to the pulmonary
function response seen with ozone alone. Field studies of
children attending summer camps in the northeastern United
States (37,38)haveshownspirometric responsesthataresimilar




pollutants. Amoreimportantquestionrelates totheresponse to
chronicambientairpollution. Withthecontinuingimprovements
in air quality in many areas ofthe globe, the answers to such
questionsmaybeforthcoming fromstudiesofregionswithmore
severeairpollutionproblems suchasChina, Eastern Europe, or
Mexico City.
Summary
Over the past three decades, important advances in the
understanding ofthe health effects ofair pollutants have been
made. Dose-responsefunctions forseveralpollutants aresuffi-
cientlyrefinedinmanycasestoallowadequateriskcharacteriza-
tion, although formany airpollutantsand many markers ofair
pollutant-induced injury, theexposureresponsedatabaseneeds
tobeexpanded. Theunderstandingofresponsemechanismshas
improved greatly but remains incomplete, even for pollutants
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suchasozoneandsulfurdioxide, whichhavebeenstudiedmore
comprehensively. Theunderstandingofthehumanhealtheffects
ofmany "toxic" airpollutants will notbeattainedthroughcon-
trolled exposure studies and will beforcedtorelyonanimal-to-
human extrapolation using animal toxicology, in vitro human
lung cell exposures, and occupational or epidemiological
studies. Thecontinueddevelopmentofin vitroexposuretechni-
ques and appropriate comparisons toin vivo human exposures
will behelpful intheunderstandingofmechanismsofresponse
to air pollutants and in the improvement ofdosimetry models
necessary tothe improvement ofthe extrapolationprocess.
I amgrateful forthesuggestions andadvicefromnumerouscolleagues. This
article has been reviewed in accordance with U.S. Environmental Protection
Agency policy and approved forpublication. Itdoes notnecessarily reflect the
viewsoftheagency, and noofficial endorsement should be inferred. Mentionof
trade namesorcommercial productsdoesnotconstituteendorsement orrecom-
mendation for use.
REFERENCES
1. Mumford, J. L., He, X. Z., Chapman, R. S.., Cao, S. R., Harris, D. B.,
Li, X. M., Xian, X. L.,Jiang, W. Z., Xu, C. W., Chuang, J. C., Wilson,
W. I., andCooke, M. Lungcancerand indoorairpollution inXuanWei,
China. Science 235: 217-220 (1987).
2. Stem, A. C. History ofairpollution legislation intheUnited States. J. Air
Pollut. Contrl Assoc. 32: 44-61 (1982).
3. U.S. Environmental ProtectionAgency. AirQualityCriteriaforParticulate
Matter and Sulfur Oxides. EPA-600/8-82-029aF-cF, Environmental
Criteria and Assessment Office, Research Triangle Park, NC, 1982.
4. U.S. Environmental ProtectionAgency. AirQualityCriteriaforOzoneand
Other Photochemical Oxidants. EPA-600/8-84-020F, Environmental
Criteria and Assessment Office, Research Triangle Park, NC, 1986.
5. U.S. Environmental Protection Agency, Air Quality Criteria for Lead.
EPA-600/8-83/028aF, Environmental Criteria and Assessment Office,
Research Triangle Park, NC, 1986.
6. U.S. Environmental Protection Agency. An Acid Aerosols Issue Paper,
Health Effects and Aerometrics. EPA/600/8-88/005F, Environnmental
Criteriaand Assessment Office, Research Triangle Park, NC, 1989.
7. U.S. Environmental Protection Agency, AirQuality Criteria for Carbon
Monoxide. EPA/600/8-90/045F, Environmental Criteria and Assessment
Office, Research Triangle Park, NC, 1990.
8. U.S. Environmental ProtectionAgency. AirQuality CriteriaforOxidesof
Nitrogen; External Review Draft, EPA-600/8-91-049Aa, Environmental
Criteria and Assessment Office, Research Triangle Park, NC, 1991.
9. National AcidPrecipitation Assessment Program. Acidic Deposition: State
of Science and Technology, Vols. 1-4. Government Printing Office,
Washington, DC, 1990.
10. Schonbein, C. F. On some secondaryphysiological effectsproducedby at-
mospheric electricity. Med. Chir. Trans. 34: 205-220 (1851).
11. Richardson, B. W. DiseasesofModern Life. Macmillan, London, pp. 1876,
61-65,.
12. Wayne, W. S., Wehrle, P. F., andCarroll, R. E. Oxidantairpollutionand
athletic performance. J. Am. Med. Assoc. 199: 151-154 (1967).
13. Hallet, W. Y. Effects ofozoneandcigarette smokeonlungfunction. Arch.
Environ. Health 10: 295-302 (1965).
14. Young, W A., Shaw, D. R, andBates, D. V. Pulmonary functioninwelders
exposed to ozone. Arch. Environ. Health 7: 337-340 (1963).
15. Young, W. A., Shaw, D.B., andBates, D. V. Effectsoflowconcentrations
ofozone on pulmonary function in man. J. Appl. Physiol. 19: 765-768
(1964).
16. Stokinger, H. E.,Wagner, W. D., andWright, P. G. Studiesonozonetox-
icity. I. Potentiating effectsofexerciseandtolerancedevelopment. Arch.
Ind. Health 14: 158-162 (1956).
17. Bates, D. V., Bell, G., Burnmh, C., Hazucha, M. J., Mantha, J., Pengelly,
L. D., andSilverman, F S. Shorttermeffectsofozoneonthe lung. J. Appl.
Physiol. 32: 176-181 (1972).
18. Silverman, F, Folinsbee, L.J., Barnard,J., andShephard, R.J. Pulmonary
functionchanges inozone-interaction ofconcentration andventilation.
J. Appi. Physiol. 41: 859-864 (1976).
19. Silverman, F. S.,Shephard,R.J.,andFolinsbee, L.J. Effectofphysical ac-
tivity on lung responses to acute ozone exposure. In: Proceedings ofthe
FourthIntemationalCleanAirCongress (S. Kasuga, N.Susuki,T. Yamada,
G. Kimura, K. Inaguki,andH.Onoe, Eds.),JUAPPA, Tokyo, 1977,pp. 15-19.
20. Hazucha, M. J. Effectsofozoneand sulfurdioxideonpulmonary function
in man. Ph.D. Thesis, McGill University, Montreal, Canada, 1973.
21. Hazucha, M. J., Silverman, F. S., Parent, C., Field, S., and Bates, D. V.
Pulmonary function inmanaftershort-termexposuretoozone. Arch. En-
viron. Health 27: 183-188 (1973).
22. Folinsbee, L. J., Drinkwater, B. L., Bedi, J. F., and Horvath, S. M. The
influenceofexerciseonthepulmonary functionchangesduetoexposure
to low concentrations of ozone. In: Environmental Stress: Individual
Human Adaptations (L. J. Folinsbee, J. A. Wagner, J. F. Borgia, B. L.
Drinkwater, J. A. Gliner, andJ. F Bedi, Eds.), Academic Press, NewYork,
1978, pp. 125-145.
23. Folinsbee, L. J., McDonnell, W. F, andHorstman, D. H. Pulmonary func-
tionandsymptom responsesafter6.6hourexposureto0.12 ppmozonewith
moderate exercise. J. Air Pollut. Control Assoc. 38: 28-35 (1988).
24. Folinsbee, L. J., Silverman, F. S., andShephard, R. J. Exercise responses
following ozone exposure. J. Appl. Physiol. 38: 996-1001 (1975).
25. Folinsbee,L.J.,Silverman,F.,andShephard, R.J. Decreaseofmaximum
workperformancefollowingozoneexposure.J. Appl. Physiol.42:531-536
(1977).
26. Gong H., Bradley, P. W., Simmons, M. S., and Tashkin, D. P. Impaired
exerciseperformance andpulmonary function inelitecyclistsduringlow-
level ozone exposure in a hot environment. Am. Rev. Respir. Dis. 134:
726-733 (1986).
27. McDonnell, W. F., Horstman, D. H., Hazucha, M. J., Seal, E., Haak, E.
D., Salaam, S. A., andHouse, D. E. Pulmonary effectsofozoneexposure
during exercise: dose response characteristics. J. Appl. Physiol. 54:
1345-1352 (1983).
28. Kulle,T.J.,Sauder,L.R.,Hebel,J.R.,andChatham,M.D.Ozoneresponse
relationships in healthy non-smokers. Am. Rev. Respir. Dis. 132: 36-41
(1985).
29. Avol, E. L., Linn, W. S.,Venet, T. G., Shamoo, D. A.,andHackney,J. D.
Comparativerespiratoryeffectsofozoneandambientoxidantpollutionex-
posureduring heavy exercise. J. AirPollut. Control Assoc. 34: 804-809
(1989).
30. Horstman, D. H., Folinsbee, L. J., Ives, P. J., Abdul-Salaam, S., and
McDonnell, W. F. Ozoneconcentration andpulmonary response relation-
shipsfor6.6-hourexposureswithfivehoursofmoderateexerciseto0.8,0.10,
0.12 ppm. Am. Rev. Respir. Dis. 142: 1158-1163 (1990).
31. Hazucha, M. J., Seal, E., andFolinsbee, L. J. Effectsofsteady stateand
variable ozone concentration profiles onpulmonary function. Am. Rev.
Respir. Dis., in press.
32. Miller, F. J., Overton, J. H.,Jaskot, R. H., andMenzel, D. B. Amodel of
theregionaluptakeofgaseouspollutants inthe lung: I. Thesensitivity of
theuptakeofozone inthehuman lungtolowerrespiratory tractsecretions
and exercise. Toxicol. Appl. Pharmacol. 79: 11-27 (1985).
33. Overton, J. H., and Graham, R. C. Predictions ofozone absorption in
humanlungfromnewbomtoadult. HealthPhys. 57(suppl 1): 29-36(1989).
34. Gerrity, T. R., Weaver, R. A., Berntsen, J., House, D. E., andO'Neil, J.
J. Extrathoracic andintrathoracic removalof03 intidal-breathinghumans.
J. Appl. Physiol. 65: 393-400 (1988).
35. Weister, M. J., Tepper, J. S., King, M. E., Menache, M. G., and Costa,
D. L. Comparative studyofozone(03) uptakeinthreestrainsofratandthe
guineapig. Toxicol. Appl. Pharmacol. 96: 140-146 (1988).
36. Larsen, R. I., McDonnell, W. F, Horstman, D. H., andFolinsbee, L. J.
Anairqualitydataanalysis systemforinterrelatingeffects, standardsand
needed sourcereductions: Part 11. Alognormal model relatinghuman lung





Related Photochemical Oxidants (S. D. Lee, M. G. Mustafa, and M. A.
Mehlman, Eds.),PrincetonScientific, Princeton, NJ, 1983,pp. 423-446.
38. Spektor, D. M., Lippmann, M., Licy, P. J., Thurston, G. D., Citak, K.,
Bock, N., Speizer, F. E., and Hayes, C. Effects of ambient ozone on
respiratory function inactive, nonnal children. Am. Rev. Respir. Dis. 137:
313-320 (1988).AIRPOLLUTION 53
39. McDonnell, W. F., Chapman, R. S., Leigh, M. W., Strope, G. L., andCol-
Iier, A. M. Respiratory responsesofvigorouslyexercisingchildrento0.12
ppm ozone exposure. Am. Rev. Respir. Dis. 132: 875-879 (1985).
40. Avol, E. L., Linn, W. S., Shamoo, D. A., Spier, C. E., Valencia, L. M.,
Venet, T. G., Trim, S. C., andHackney, J. D. Short-termrespiratoryeffects
ofphotochemical oxidant inexercising children. 37: 158-162 (1987).
41. Whittemore, A. S., andKorn, E. L. Asthmaand airpollution in the Los
Angeles area. Am. J. Public Health 70: 687-696 (1980).
42. Linn, W. S., Buckley, R., Speir, C., Blessey, R., Jones, M., Fischer, D.,
and Hackney, J. D. Healtheffectsofozoneexposureinasthmatics. Am. Rev.
Respir. Dis. 117: 835-843 (1978).
43. Kreit, J. W., Gross, K. B., Moore, T. B., Lorenzen, T. J., D'Arcy, J., and
Eschenbacher, W. L. Ozone-inducedchangesinpulmonaryfunctionand
bronchialresponsiveness inasthmatics. J. Appl. Physiol. 66:217-222(1989).
44. Kehrl, H. R., Hazucha, M. J., Solic, J. J., andBromberg, P. A. Responses
ofsubjects with chronicobstructive pulmonary diseaseafterexposure to
0.3 ppm ozone. Am. Rev. Respir. Dis. 131: 719-724 (1985).
45. Drechsler-Parks, D. M., Bedi, J. F., andHorvath, S. M. Pulmonary func-
tion responses ofolder men and womento ozone exposure. Exp. Geron-
tol. 22: 91-101 (1987).
46. Horvath, S. M., Gliner, J. A., and Folinsbee, L. J. Adaptation to ozone:
duration ofeffect. Am. Rev. Respir. Dis. 123: 496-499 (1981).
47. McDonnell, W. F., Horstman, D. H., Abdul-Salaam, S., and House, D.
E. Reproducibility ofindividual responses to ozone exposure. Am. Rev.
Respir. Dis. 131: 36-40 (1985).
48. McDonnell, W. F. Predictors ofacute respiratory response to ozone ex-
posure. Doctoral dissertation, University ofNorthCarolina, Chapel Hill,
NC, 1991.
49. Folinsbee, L. J., Bedi, J. F., and Horvath, S. M. Pulmonary function
changes after I Hcontinuous heavy exercise in0.21 ppmozone. J. Appl.
Physiol. 57: 984-988 (1984).
50. Schelegle, E. S., and Adams, W. C. Reduced exercisetime incompetitive
simulations consequent to low level ozoneexposure. Med. Sci. Sports Exer.
18: 408-414 (1986).
51. Hammer, D. I., Portnoy,B., Massey, F. M., Wayne, W. S.,Oelsner, T., and
Wehrle, P. F. LosAngelesairpollution and respiratory symptoms. Arch.
Environ. Health 10: 475-480 (1965).
52. Hammer, D. I., Hasselblad, V., Portnoy, B., andWehrle, P. F. LosAngeles
student nursestudy: daily symptom reportingandphotochemical oxidants.
Arch. Environ. Health 28: 255-260 (1974).
53. Deane, M.,Goldsmith, J. R., and TumaD. Respiratory conditions inout-
side workers. Arch. Env. Health 10: 323-331 (1965).
54. Bates, D. V. Airpollutantsandthehumanlung. Am. Rev. Respir. Dis. 105:
1-13 (1972).
55. Detels, R., Tashkin, D. P., Sayre, J. W., Rokaw, S. N., Coulson, A. H.,
Massey, F. J., andWegman, D. H. TheUCLApopulationstudiesofchronic
obstructive respiratory disease: 9. Lungfunction changesassociated with
chronicexposuretophotochemicaloxidants; acohortstudyamong never
smokers. Chest 92: 594-603 (1987).
56. Hackney, J. D., Linn, W. S.,Buckley, R. D., andHislop, H. J. Studieson
adaptation toambientoxidantairpollution: effectsofozoneexposures in
Los Angeles residents vs. new arrivals. Environ. Health Perspect. 18:
141-146 (197).
57. Hackney, J. D., Linn, W. S., Mohler, J. G., andCollier, C. R. Adaptation
to short-term respiratory effects ofozone in men exposed repeatedly. J.
Appl. Physiol. 43: 82-85 (1977).
58. Folinsbee, L. J., andHorvath, S. M. Persistenceoftheacuteeffectsofozone
exposure. Aviat. Space Environ. Med. 57: 1136-1143 (1986).
59. Bedi, J. F., Drechsler-Parks, D. M., andHorvath, S. M. Duration ofin-
creasedpulmonary functionsensitivity toan initial ozoneexposure. Am.
Ind. Hyg. Assoc. J. 46: 731-734 (1985).
60. Kulle, T. J., Sauder, L. R., Kerr, H. D., Farrell, B. P., Bermel, M. S., and
Smith, D. M. Duration of pulmonary function adaptation to ozone in
humans. Am. Ind. Hyg. Assoc. J. 43: 832-837 (1982).
61. Linn, W. S., Medway, D. A.,Anzar, U. T.,Wlencia, L. M., Spier, C. E.,
Tsao, F. S., Fischer, D. A., and Hackney, J. D. Persistence ofadaptation
toozone involunteersexposedrepeatedly forsixweeks. Am. Rev. Respir.
Dis. 125: 491-495 (1982).
62. Dimeo, M. 1,Glenn, M. G.,Holtzman, M.J., Sheller, J. R., Nadel, J. A.,
andBoushey, H. A. Thresholdconcentrationofozonecausingan increase
inbronchial reactivity inhumansandadaptation withrepeatedexposures.
Am. Rev. Respir. Dis. 124: 245-248 (1981).
63. Folinsbee, L. J., Horstnan, D. H., Kehrl, H. R., Gerrity, T. R., Abdul-
Salaam, S.,Koren, H., Seal, E., Keefe, M., andIves, P. J. Pulmonaryfunc-
tionandairway responsiveness afterrepeatedprolonged exposure to0.12
ppm ozone. Am. Rev. Respir. Dis. 141(4:2): A71 (1990).
64. Tepper, J. S., Costa, D. L., Lehmann, J. R.,Weber, M. F., andHatch, G.
E. Unattenuatedstructural andbiochemicalaltertions intheratlungduring
functional adaptationtoozone. Am. Rev. Respir. Dis. 140: 493-501 (1989).
65. Linn, W. S., Avol, E. L., Shamoo, D. A., Peng, R. C., Valencia, L. M.,
Little, D., and Hackney, J. D. Repeated laboratory ozone exposures of
volunteerLosAngelesresidents; anapparentseasonalvariationinresponse.
Toxicol. Ind. Health 4: 505-520 (1988).
66. Tyler, W. S., Tyler, N. K., Last, J. A., Gillespie, M. J., and Barstow, T.
J. Comparisonofdailyandseasonalexposuresofyoungmonkeystoozone.
Toxicology 50: 131-144(1988).
67. Barr, B.C., Hyde, D. M., Plopper, C. G.,andDungworth, D. L. Distalair-
wayremodelling inratschronicallyexposedtoozone. Am. Rev. Respir. Dis.
137: 924-938 (1988).
68. Barry, B. E., MillerF. J., andCrapo, J. D. Effectsofinhalationof0.12 and
0.25partspermillionozoneontheproximal alveolarregionofjuvenileand
adult rats. Lab. Invest. 53: 692-704 (1985).
69. Lee, L.-Y., Bleeker, E. R.,andNadel,J. Effectofozoneonbronchomotor
responsetoinhaledhistamineaerosol indogs.J. Appl. Physiol.43:626-631
(1977).
70. Easton, R. E., and Murphy, S. D. Experimental ozone preexposure and
histamine. Arch. Environ. Health 15: 160-166 (1967).
71. Holtzman, M. J., Cunningham, J. H., Sheller,J. R., Irsigler, G. B., Nadel,
J. A., andBoushey, H. A. Effectofozoneonbronchial reactivity inatopic
and nonatopic subjects. Am. Rev. Respir. Dis. 120: 1059-1067 (1979).
72. Leikauf, G. D., Driscoll, K. E., andWey, H. E. Ozone-inducedaugmen-
tationofeicosanoidmetabolism inepithelialcellsfrombovinetrachea. Am.
Rev. Respir. Dis. 137: 435-442 (1988).
73. Plopper, C. G., Dungworth, D. L., andTyler, W. S. Pulmonary lesions in
rats exposedto ozone: acorrelated light andelectron microscopic study.
Am. J. Pathol. 71: 375-386(1973).
74. Scheel, L. D., Doborogorski, 0. J., Mountain, J. T., Svirbely, J. L., and
Stokinger, H. E. Physiologic, biochemical, immunologic, andpathologic
changesfollowing ozoneexposure. J. Appl. Physiol. 14: 67-80 (1959).
75. Holtzman, M. J., Fabbri, L. M., O'Byme, P. M., Gold, B. D., Aizawa,
H., Walters, E. H., Alpert, S. E., and Nadel, J. A. Importanceofairway
inflammation forhyperresponsiveness inducedbyozone. Am. Rev. Respir.
Dis. 127: 686-690 (1983).
76. Fabbri, L. M., Aizawa, H., Alpert, S. E., Walters, E. H.,O'Byrne, P. M.,
Gold, B. D., Nadel, J. A., and Holtzman, M. J. Airway hyperrespon-
siveness andchanges incellcountsinbronchoalveolar lavageafterozone
exposure indogs. Am. Rev. Respir. Dis. 129: 288-291 (1983).
77. Murlas, C. G., andRoum, J. H. Sequenceofpathologic changes intheair-
way mucosaofguineapigsduringozone-inducedbronchial hyperreactivity.
Am. Rev. Respir. Dis. 131: 314-320 (1985).
78. Evans, T. W., Brokaw, J. J., Chung, K. F., Nadel, J. A., and McDonald,
D. W. Ozone-induced bronchial hyperresponsiveness inthe rat is notac-
companiedbyneutrophil influx orincreased vascularpermeability inthe
trachea. Am. Rev. Respir. Dis. 138: 140-144 (1988).
79. Seltzer,J., Bigby, B. G., Stulbarg, M.,Holtzman, M.J., Nadel, J. A., Ueki,
I. F., Leikauf, G. D., Goetzl, E. J., Boushey, H. A. 03-induced change in
bronchial reactivity tomethacholine andairway inflammation inhumans.
J. Appl. Physiol. 60: 1321-1326 (1986).
80. Schelegle, E. S., Adams,W. G.,Giri, S. N.,andSiefkin, A. D. Acuteozone
exposure increases plasma prostaglandin F2,, in ozone-sensitive human
subjects. Am. Rev. Respir. Dis. 140: 211-216 (1989).
81. Kehrl, H. R., Vincent, L. M., Kowalsky, R. J., Horstman, D. H., O'Neil,
J. J., McCartney, W. H., andBromberg, P. A. Ozone exposure increases
respiratory epithelial permeability inhumans. Am. Rev. Respir. Dis. 135:
1124-1128 (1987).
82. Koren, H. S., Devlin, R. B.,Graham, D. E., Mann, R., Horstman, D. H.,
Kozumbo, W. J., Becker, S., McDonnell, W. F., and Bromberg, P. A.
Ozone-induced inflammation inthelowerairwaysofhumansubjects. Am.
Rev. Respir. Dis. 139: 407-415 (1988).
83. Devlin, R. B., McDonnell, W. F., Mann, R., Becker, S., House, D. E.,
Schreinemachers, D., and Koren, H. S. Exposure ofhumans to ambient
levelsofozonefor6.6hourscausescellularandbiochemicalchanges inthe
lung. Am. J. Respir. Cell Mol. Biol. 4: 72-81 (1991).
84. Graham, D., Henderson, F.,andHouse, D. Neutrophil influxmeasured in
nasal lavages of humans exposed to ozone. Arch. Environ. Health 43:
228-233 (1988).54 L J. FOLINSBEE
85. Schelegle, E. S., Adams, W. C., and Siefkin, A. D. Indomethacin pretreat-
ment reducesozone-inducedpulmonary functiondecrementsinhumansub-
jects. Am. Rev. Respir. Dis. 136: 1350-1354(1987).
86. Eschenbacher, W. L., Ying, R. L., Kreit, J. W, andGross, K. B. Ozone-
induced lungfunction changes innormal andasthmatic subjectsandtheef-
fect ofindomethacin. In: Atmospheric Ozone Researchand Its Policy Im-
plications (T. Schneider, S. D. Lee, G. J. R. Wolters, andL. D. Grant, Eds.),
Elsevier, Amsterdam, 1989, pp. 493-499.
87. Beckett, W. S., McDonnell,W. F., Horstman, D. H., andHouse, D. E. Role
oftheparasympathetic nervous system inacute lung responsetoozone. J.
Appl. Physiol. 59: 1879-1885 (1985).
88. Hazucha, M. J., Bates, D. V., and Bromberg, P. A. Mechanismofaction
ofozone on the human lung. J. Appl. Physiol. 67: 1535-1541 (1989).
89. Amdur, M. O., Melvin, W. W., and Drinker, P. Effects ofinhalation of
sulfur dioxide by man. Lancet ii: 758-759 (1953).
90. Frank, N. R. Amdur, M. O., Worcester, J., and Whittenburger, J. L. Ef-
fectsofacutecontrolledexposuretoSO2onrespiratorymechanics inhealthy
adult males. J. AppI. Physiol. 17: 252-258 (1962).
91. Nadel, J. A., Salem, H., Tamplin, B., andTokiwa, Y. Mechanismofbron-
choconstriction during inhalationofsulfurdioxide. J. Appl. Physiol. 20:
164-167 (1965).
92. Speizer, F. E., and Frank, N. R. Acomparison ofchanges inpulmonary
flow resistance inhealthy volunteersacutely exposedtoSO2by mouthand
by nose. Br. J. Ind. Med. 23: 75-79 (1966).
93. Frank, N. R., Yoder, R. E., Brain, J. D., and Yokoyama, E. SO2 (35S
labeled)absorption by the noseand mouthunderconditions ofvarying con-
centration and flow. Arch. Environ. Health 18: 315-322 (1969).
94. Niinimaa, V., Cole, P., Mintz, S., and Shephard, R. Theswitching point
from nasal to oronasal breathing. Respir. Physiol. 42: 61-67 (1980).
95. Bethel, R. A., Erle, D. J., Epstein, J., Sheppard, D., Nadel, J. A., and
Boushey, H. A. Effect ofexercise rate and route ofinhalation on sulfur-
dioxide-induced bronchoconstriction in asthmatic subjects. Am. Rev.
Respir. Dis. 128: 592-596 (1983).
96. Tam, E. K., Liu, J., Bigby, B. G., andBoushey, H. A. Sulfurdioxidedoes
not acutely increase nasal symptoms or nasal resistance in subjects with
rhinitis orinsubjects withbronchial responsiveness tosulfurdioxide. Am.
Rev. Respir. Dis. 138: 1559-1564 (1988).
97. Kreisman, H., Mitchell, C. A., Hosein, H. R., and Bouhuys, A. Effects
of low concentrations of sulfur dioxide on respiratory function in man.
Lung: 154: 25-34 (1976).
98. Sheppard, D., Wong, W. S., Uehara, C. F., Nadel, J. A.,andBoushey, H.
A. Lowerthresholdandgreaterbronchomotor responsivenessofasthmatic
subjects tosulfurdioxide. Am. Rev. Respir. Dis. 122: 873-878 (1980).
99. Sheppard, D., Nadel, J. A.,andBoushey, H. A. Inhibitionofsulfurdioxide-
induced bronchoconstriction bydisodium cromoglycate inasthmatic sub-
jects. Am. Rev. Respir. Dis 124: 257-259 (1981).
100. Sheppard, D., Saisho, A., Nadel, J. A., andBoushey, H. A. Exercise in-
creasessulfurdioxide-inducedbronchoconstriction inasthmatic subjects.
Am. Rev. Respir. Dis. 123: 486-491 (1981).
101. Sheppard, D., Epstein, J., Bethel, R. A., Nadel, J. A., and Boushey, H.
A. Tolerance tosulfurdioxide-induced bronchoconstriction insubjectswith
asthma. Environ. Res. 30: 412-419 (1983).
102. Sheppard, D., Eschenbacher, W. L., Boushey, H. A., andBethel, R. A.
Magnitude ofthe interaction between the bronchomotoreffects ofsulfur
dioxideandthoseofdry(cold)air. Am. Rev. Respir. Dis. 130: 52-55(1984).
103. Koenig, J. Q., Pierson, W E., Horike, M., andFrank, N. R. EffectsofSO2
plusNaClaerosol combined withmoderateexerciseonpulmonary func-
tion in asthmatic adolescents. Environ. Res. 25: 340-348 (1981).
104. Roger, L. J., Kehrl, H. R. Hazucha, M. J., and Horstman, D. H. Bron-
choconstricticn inasthmaticsexposedtosulfurdioxideduringrepeated ex-
ercise. J. Appl. Physiol. 59: 784-791 (1985).
105. Horstman,D. H.,Roger, L.J.,Kehrl, H. R.,andHazucha,M.J.Airwaysen-
sitivityofasthmaticstosulfurdioxide. Toxicol.Ind. Health2:289-298(1986).
106. Kehrl, H. R., Roger, L.J., Hazucha, M.J., andHorstman, D. H. Differ-
ing responseofasthmaticstoSO2exposuiewithcontinuousandintermittent
exercise. Am. Rev. Respir. Dis. 135: 350-355 (1987).
107. Linn, W. S., Avol, E. L., Peng, R. C., Shamoo, D. A., andHackney, J. D.
Replicated dose-response study ofsulfurdioxideeffects innormal, atopic,
asthmatic volunteers. Am. Rev. Respir. Dis. 136: 1127-1134 (1987).
108. Linn, W S., Avol, E. L.,Shamoo, D. A.,Peng, R. C., Speir, C. E., Smith,
M. N., and Hackney, J. D. Effect of metaproterenol sulfate on mild
asthmaticsresponsetosulfurdioxideexposureandexercise. Arch. Environ.
Health 43: 399-406 (1988).
109. Kirkpatrick, M. B., Sheppard, D., Nadel, J. A., and Boushey, H. A. Ef-
fect of the oronasal breathing route on sulfur dioxide-induced bron-
choconstriction inexercisingasthmatic subjects. Am. Rev. Respir. Dis. 125:
627-631 (1982).
110. Bethel, R. A., Epstein, J., Sheppard, D., Nadel, J. A., and Boushey, H.
A. Sulfurdioxide-inducedbronchoconstriction infreely breathing, exer-
cising, asthmatic subjects. Am. Rev. Respir. Dis. 129: 987-990 (1983).
111. Bethel,R. A.,Sheppard,D.,Epstein,J.,Tam,E., Nadel,J.A.,andBoushey,
H. A. Interaction of sulfur dioxide and cold dry air in causing bron-
choconstrictioninasthmaticsubjects. J. Appl. Physiol. 57:419-423(1984).
112. Horstman, D. H., Seal, E., Folinsbee, L. J., Ives, P. J., and Roger, L. J.
The relationship between exposure duration and sulfurdioxide-induced
bronchoconstriction inasthmatic subjects. Am. Ind. Hyg. Assoc. J. 49(1):
38-47 (1988).
113. Balmes, J. R., Fine, J. M., and Sheppard, D. Symptomatic bron-
choconstriction after short-term inhalation ofsulfur dioxide. Am. Rev.
Respir. Dis. 136: 117-121(1987).
114. Stacy, R. W., Seal, E., House, D. E., Green, J., Roger, L. J., Raggio, L.
A survey ofeffects ofgaseousandaerosol pollutants onpulmonary func-
tion ofnormal males. Arch. Environ. Health 38: 104-115 (1983).
115. Linn, W. S., Avol, E. L., Shamoo, D. A., Venet, T. G., Anderson, K. R.,
Whynot,J. D.,andHackney,J. D. Asthmatics' responsesto6-hrsulfurdiox-
ideexposuresontwosuccessive days. Arch. Environ. Health 39: 313-319
(1984).
116. Linn, W. S., Venet, T. G., Shamoo, D. A., Valencia, L. M., Anzar, U. T.,
Spier, C. E., and Hackney, J. D. Respiratory effects ofsulfur dioxide in
heavilyexercisingasthmatics: adose-response study. Am. Rev. Respir. Dis.
127: 278-283 (1983).
117. Witek, T. J., and Schachter, E. N. Airway responses tosulfurdioxide and
methacholine in asthmatics. J. Occup. Med. 27: 265-268 (1985).
118. Tan, W. C., Cripps, E., Douglas, N., andSudlow, M. F. Protective effect
ofdrugs onbronchoconstriction induced by sulphurdioxide. Thorax 37:
671-676 (1982).
119. Myers, D. J., Bigby, B. G., and Boushey, H. A. The inhibition ofsulfur-
dioxide inducedbronchoconstriction inasthmatic subjects bycromolyn is
dose dependent. Am. Rev. Respir. Dis. 133: 1150-1153 (1986).
120. Cralley, L. V. The effect ofirritant gases on the rate ofciliary activity. J.
Ind. Hyg. Toxicol. 24: 193-198 (1942).
121. Andersen, I., Lundqvist, G. R., Jensen, P. L., and Proctor, D. F. Human
response tocontrolled levelsofsulfurdioxide. Arch. Environ. Health 28:
31-39 (1974).
122. Andersen, I.,Jensen, P. L., Reed, S. E., Craig, J. W., Proctor, D. F., and
Adams, G. K. Induced rhinovirus infectionundercontrolled exposure to
sulfurdioxide. Arch. Environ. Health 32: 102-126 (1977).
123. Carson, J. L., Collier, A. M., Hu, S.-C., andStewart, P. Theappearance
ofcompoundciliainthenasal mucosaofnormal humansubjects following
acute, in viw exposuretosulfurdioxide. Environ. Res. 42: 155-165 (1987).
124. Adams, W. C., Brookes, K. A., andSchelegle, E. S. EffectsofN02 alone
and incombinationwith03 onyoung menand women. J. Appl. Physiol.
62: 1698-1704 (1987).
125. Folinsbee, L. J., Horvath, S. M., Bedi, J. F., andDelehunt, J. C. Effectof
0.62 ppmNO2oncardiopulmonary function inyoung male non-smokers.
Environ. Res. 15: 199-205 (1978).
126. Morrow, P. E., andUtell, M. J. ResponsesofSusceptibleSubpopulations
toNitrogen Dioxide. Health EffectsInstitute Research ReportNo.23, Cam-
bridge MA, 1989.
127. Bylin, G.,Lindvall, T., Rehn, T., andSundin, B. Effectsofshort-term ex-
posuretoambientnitrogendioxideconcentrations onhumanbronchial reac-
tivity and lung function. Eur. J. Respir. Dis. 66: 205-217 (1985).
128. Mohsenin, V. Airwayresponsesto2.0ppmnitrogendioxide innormal sub-
jects. Arch. Environ. Health 43: 242-246 (1988).
129. Bylin, G.,Hedenstierna, G., Lindvall, T., andSundin, B. Ambientnitrogen
dioxideconcentrations increasebronchial responsiveness insubjects with
mild asthma. Europ. Respir. J. 1: 606-612 (1988).
130. Mohsenin, V. Airwayresponses tonitrogendioxide inasthmatic subjects.
J. Toxicol. Environ. Health 22: 371-380(1987).
131. Bauer, M. A., Utell, M.J., Morrow, P. E., Speers, D. M., andGibb, F. R.
Inhalationof0.30ppmnitrogendioxidepotentiates exercise-induced bron-
chospasm in asthmatics. Am. Rev. Respir. Dis. 134: 1203-1208 (1986).
132. Roger, L. J., Horstman, D. H., McDonnell, W. F., Kehrl, H. R., Ives, P.
J., Seal, E., Chapman, R., andMassaro, E. Pulmonary function, airway
responsiveness, and respiratory symptoms in asthmatics following exer-
cise in NO2. Toxicol. Ind. Health 6: 155-171 (1990).AIRPOLLUTION 55
133. Koenig,J. Q., Covert, D. S., Smith, M. S., vanBelle, G., Pierson, W. E.
Thepulmonary effectsofozoneand nitrogendioxidealoneand incombina-
tion inhealthy andasthmatic adolescentsubjects. Toxicol. Indust. Health
4: 521-532 (1988).
134. Neas, L. M.,Dockery,D.W.,Spengler,J. D.,Speizer,F. E.,andFerris,B.
G. Associationofindoornitrogendioxidewithrespiratory symptomsand
pulmonary functioninchildren. Am. J. Epidemiol. 134:204-219(1991).
135. Melia, R. J. W., Florey, C., Altman, D. G., and Swan, A. V. Association
between gas cooking and respiratory disease in children. Br. Med. J. 2:
149-152 (1977).
136. Ito, K. Effectofnitrogendioxide inhalationoninfluenzavirus infectionin
mice [inJapanese]. Nippon Eiseigaku Zasshi 26: 304-314(1971).
137. Gardner, D. E. Coffin, D. L., Pinigin, M. A., and Sidorenko, G. I. Role
oftimeasafactorinthetoxicityofchemicalcompounds inintermittentand
continuousexposure. Part 1. Effectsofcontinuousexposure. J. Toxicol. En-
viron. Health 3: 811-820(1977).
138. Gardner, D. E., Miller, F J., Illing, J. W., Graham, J. A. Non-respiratory
functionofthelungs: hostdefensesagainstinfections. In: AirPollutionby
NitrogenOxides: Proceedings oftheUS-Dutch Symposium (T. Schneider
and L. Grant, Eds.), Elsevier, New York, 1982, pp. 410-415.
139. Ehrlich, R.,andHenry, M. C. Chronictoxicityofnitrogendioxide: I. Effect
on resistance tobacterial pneumonia. Arch. Environ. Health 17: 860-865
(1968).
140. Ehrlich, R., Findlay, J. C., Fenters, J. D., and Gardner, D. E. Health ef-
fectsofshortterm inhalationofnitrogendioxideandozone mixtures. En-
viron. Res. 14: 223-231 (1977).
141. Schlesinger, R.B. Effectsofintermittent inhalationexposurestomixedat-
mospheresofNO2and H2SO4onrabbitalveolarmacrophages. J. Toxicol.
Environ. Health 22: 301-312 (1987).
142. Frampton, M. W., Smeglin, A. M., Roberts, N. J., Finkelstein, J. N., Mor-
row, P. E., andUtell, M. J. Nitrogen dioxideexposure in vioandhuman
alveolarmacrophage inactivationofinfluenza virus in vitro. Environ. Res.
48: 179-192 (1989).
143. Sayers, R. R. and Davenport, S. J. Reviewofcarbonmonoxidepoisoning.
Public HealthBulletinNo. 195, U.S. Government PrintingOffice, Wash-
ington, DC, 1930.
144. Haldane,J. S. Theactionofcarbonicoxideonman. J. Physiol. 18: 430-462
(1895).
145. Roughton, F. J. W. The equilibrium of carbon monoxide with human
hemoglobin inwholeblood. In: Biological EffectsofCarbon Monoxide.
Ann. N.Y. Acad. Sci. 174:177-188 (1970).
146. Roughton, F. J. W., and Darling R. C. Theeffectofcarbonmonoxide on
theoxyhemoglobindissociation curve. Am. J. Physiol. 141: 17-31 (1944).
147. Landaw, S. A. Theeffectsofcigarette smoking ontotal body burdenand
excretion rates ofcarbonmonoxide. J. Occup. Med. 15: 231-235 (1973).
148. Coburn, R. F., Forster, R. E., Kane, P. B. Considerations of the
physiological variablesthatdetermine thebloodcarboxyhemoglobin con-
centration in man. J. Clin. Invest. 44: 1899-1910 (1965).
149. Pirnay, F., DuJardin, J.,DeRoanne, R., andPetit,J. M. Muscularexercise
during intoxication by carbon monoxide. J. Appl. Physiol. 31: 573-575
(1971).
150. Horvath, S. M., Raven. P. B., Dahms, T. E., and Gray D. J. Maximal
aerobiccapacity atdifferentlevelsofcarboxyhemoglobin. J. AppI. Physiol.
38: 300-303 (1975).
151. Horvath, S. M. Impactofairquality inexerciseperformance. Exer. Sport
Sci. Rev. 9: 265-296 (1981).
152. Folinsbee, L. J., andRaven, P. B. Exerciseandairpollution. J. Sports Sci.
2: 57-75 (1984).
153. Vogel, J. A., and Gleser, M. A. Effect ofcarbon monoxide on oxygen
transportduring exercise. J. Appl. Physiol. 32: 234-239(1972).
154. Ayres, S. M., Mueller, H. S., Gregory, J. J., Gianelli, S.,andPenny, J. L.
Systemicandmyocardialhemodynamicresponsestorelativelysmallconcen-
trationsofcarboxyhemoglobin. Arch. Environ. Health 18:699-709(1969).
155. Aronow, W S., Harris, C. N., Isbell, M. W., Rokaw, S. N., andImparato,
B. Effect of freeway travel on angina pectoris. Ann. Intern. Med. 77:
669-676 (1972).
156. Aronow, W S., and Isbell, M. W. Carbon monoxide effect on exercise-
induced angina pectoris. Ann. Intern. Med. 79: 392-395 (1973).
157. Allred, E. N., Bleecker, E. R., Chaitman, B. R., Dahms, T. E., Gottlieb,
S. O., Hackney, J. D., Pagano, M., Selvester, R. H., Walden, S. M., and
Warren,J. Shorttermeffectsofcarbonmonoxideexposureontheexercise
perfomranceofsubjectswithcoronary arterydisease. N. Engl. J. Med. 321:
1426-1432 (1989).
158. Lambert, W., Colome, S. D., and Kleinman, M. Carbon monoxide ex-
posurepattern inLosAngelesamongahighriskpopulation. AirandWaste
Management Association Meeting Preprints no. 91-138.4, AWMA, Pitts-
burgh, PA, 1991.
159. Stern, F. B., Halperin, W. E., Hornung, R. W., Ringenburg, V. L., and
McCammon, C. S. Heartdisease mortality among bridgeand tunnel of-
ficers exposed to carbon monoxide. Am. J. Epidemiol. 128: 1276-1288
(1988).
160. Adams, K. F., Koch, G., Chaterjee, B., Goldstein, G. M., O'Neil, J. J.,
Bromberg, P. A., and Sheps, D. S. Acute elevation ofblood carboxy-
hemoglobin to6% impairsexerciseperformanceandaggravates symptoms
inpatientswithischemicheartdisease. J. Am. Coll. Cardiol. 12: 900-909
(1988).
161. Sheps, D. S., Adams, K. F., Bromberg, P. A., Goldstein, G. M., O'Neil,
J. J., Horstman, D., and Koch, G. Lack ofeffectoflow levels ofcarbox-
yhemoglobin on cardiovascular function inpatients with ischemic heart
disease. Arch. Environ. Health 42: 108-116(1987).
162. Hinderliter, A. L., Adams, K. F., Price, C. J., Herbst, M. C., Koch, G.,
and Sheps, D. S. Effectsoflow-level carbonmonoxideexposure onresting
and exercise-induced ventricular arrhythmias in patients with coronary
artery disease and nobaseline ectopy. Arch. Environ. Health 44: 89-93
(1989).
163. Dahms, T. E., and Chaitman, B. R. Absenceofaneffectoflow levels of
carboxyhemoglobin onsubjectswithmyocardial arrhythmias. AirWaste
Management Association Annual Meeting Preprints no. 91-138.6, AWMA,
Pittsburgh, PA, 1991.
164. Sheps, D. S., Herbst, M. C., Hinderliter, A. L., Adams, K. F., Ekelund,
L. G., O'Neil, J. J., Goldstein, G. M., Bromberg, P. A., Dalton, J. L.,
Ballenger, M., Davis, S. M., andKoch, G. Productionofarrhythmias by
elevated carboxyhemoglobin inpatients withcoronary arterydisease. Ann.
Intern. Med. 113: 343-351 (1990).
165. McFarland, R. A., Roughton, F. J. W., Halperin, M. H., andNiven, J. I.
Theeffectsofcarbon monoxide andaltitudeonvisual thresholds. J. Aviat.
Med. 15: 381-394 (1944).
166. Beard, R. R., andWertheim, G. A. Behavioral impairmentassociatedwith
small doses ofcarbon monoxide. Am. J. Public Health 57: 2012-2022
(1967).
167. Hudnell H. K., andBenignusV. A. Carbonmonoxideexposureandhuman
visual detection thresholds. Neurotoxicol. Teratol. 11: 363-371 (1989).
168. Otto, D. A., Benignus, V. A., andPrah, J. D. Carbonmonoxideandhuman
time discrimination: failure to replicate Beard-Wertheim experiments.
Aviat. Space Environ. Med 50: 40-43 (1979).
169. Benignus, V. A., Muller, K. E., Smith, M. V., Pieper, K. S., andPrah, J.
D. Compensatorytrackinginhumanswithelevatedcarboxyhemoglobin.
Neurotoxicol. Teratol. 12: 105-110 (1990).
170. Benignus,V. A., Muller, K. E., andMalott, C. M. Dose-effects functions
forcarboxyhemoglobin and behavior. Neurotoxicol. Teratol. 12: 111-118
(1990).
171. Traystman, R.J.,Curtner, G. H., andLoscutoff, S. C.Cerebralcirculatory
responsestoarterialhypoxiainnormalandchemodenervateddogs. Circ.
Res. 42: 649-657 (1978).
172. Amdur, M. O., Silverman, L., andDrinker, P. Inhalationofsulfuric acid
mist by human subjects. Arch. Indust. Hyg. Occup. Med. 6: 305-313
(1952).
173. Schwartz, J., andMarcus, A. Mortalityandairpollution inLondon: atime
series analysis. Am. J. Epidemiol. 131: 185-194 (1990).
174. EPA. IssuePaper-Estimated PublicHealthImpactAsaResultofEquip-
ping Light-Duty Motor Whicles with Oxidation Catalysts. U.S. En-
vironmental Protection Agency, Washington, DC, 1975.
175. Leikauf, G., Yeates, D. B.,Wales, K. A., Spektor, D., Albert, R. E., and
Lippmann, M. Effects ofsulfuric acid aerosol onrespiratory mechanics
andmucociliaryparticlecleaanceinhealthynonsmokingadults. Am. Ind.
Hyg. Assoc. J. 42: 273-282 (1981).
176. Leikauf, G., Spektor, D.M.,Albert, R. E.,Lippman, M.Dose-dependent
effectsofsubmicrometersulfuricacidaerosol onparticleclearance from
ciliatedhumanlungairways. Am. Ind. Hyg. Assoc. J. 45: 285-292 (1984).
177. Spektor, D. M., Yen, B. M., andLippmann, M. Effectofconcentrationand
cumulative exposureofinhaled sulfuric acidontracheobronchial particle
clearanceinhealthyhumans. Environ. HealthPerspect. 79: 167-171 (1989).
178. Utell, M. J., Morrow, P. E., andHyde, R. W. Airwayreactivity tosulfate
andsulfuricacidaerosolsinnormalandasthmaticsubjects.J. AirPbll. Con-
trol Assoc. 34: 931-935 (1984).
179. Koenig, J.Q., Pierson, W.E.,andHorike, M.Theeffectsofinhaled sulfuric56 L J. FOLINSBEE
acidonpulmonary functioninadolescentasthmatics. Am. Rev. Respir. Dis.
128: 221-225 (1983).
180. Koenig, J. Q., Covert, D. S., and Pierson, W. E. Effects ofinhalation of
acidic compounds on pulmonary function inallergic adolescent subjects.
Environ. Health Perspect. 19: 173-178 (1989).
181. Larson, T. V., Covert, D. S., Frank, R., andCharlson, R. J. Ammonia in
the humanairways: neutralizationofinspiredacidsulfateaerosols. Science
197: 161-163 (1977).
182. Gearhart, J. M., and Schlesinger, R. B. Sulfuric acid inducedchanges in
the physiology and structure ofthe tracheobronchial airways. Environ.
Health Perspect. 19: 127-137 (1989).
183. Ware, J. H., Ferris, B. G., Dockery, D. W., Spengler, J. D., Stram, D. O.,
and Speizer, F. E. Effectsofambient sulfuroxides and suspendedparticles
onrespiratory healthofpreadolescentchildren. Am. Rev. Respir. Dis. 133:
834-842 (1986).
184. Schwartz, J., and Dockery, D. W. Increased mortality in Philadelphia
associatedwithdaily airpollutionconcentrations. Am. Rev. Respir. Dis.
145: 600-604 (1992).
185. Martin, A. E., and Bradley, W. H. Mortality, fogand atmospheric pollu-
tion - investigation during the winter of 1958-59. Mon. Bull. Minist.
Health Public Health Lab. Serv. 19: 56-72 (1960).
186. Dockery, D. W., Ware, J. H., Ferris, B. G., Speizer, F. E., Cook, N. R.,
and Herman, S. M. Change inpulmonary function inchildrenassociated
with air pollution episodes. J. Air Pollut. Control Assoc. 32: 937-942
(1982).
187. Pope, C. A., Dockery, D. W., Spengler, J. D., and Raizenne, M. E.
Respiratory health and PM,0pollution: adaily time series analysis. Am.
Rev. Respir. Dis. 144: 668-674 (1991).
188. Pope, C. A. Respiratorydiseaseassociatedwithcommunityairpollution
and a steel mill, Utah Valley. Am. J. Public Health 79: 623-628 (1989).
189. Pope, C. A. Respiratory hospital admissionsassociated with PM10pollu-
tion in Utah, Salt Lake, and Cache Valleys. Arch. Environ. Health 46:
90-97 (1991).
190. Kazantzis, G. Lead: ancient metal-modern menace? In: Lead Exposure
andChildDevelopment-An International Perspective (M. A. Smith, L.
D. Grant, andA. I. Sors, Eds.), KluwerAcademic Press, Boston, 1989, pp.
119-128.
191. Davis,J. M., Otto, D. A., Weil, D. E., andGrant, L. D. Thecomparative
developmental neurotoxicity oflead inhumansandanimals. Neurotoxicol.
Teratol. 12: 215-229 (1990).
192. Smith, F. L., Rathmell, T. K., and Marcil, G. E. The early diagnosis of
acute and latent plumbism. Am. J. Clin. Pathol. 8: 471-508 (1938).
193. Seppalainen, A. M., Hernberg, S., Vesanto, R., and Kock, B. Early
neurotoxic effects of occupational lead exposure: a prospective study.
Neurotoxicology 4: 181-192 (1983).
194. Needleman, H. L., Gunnoe, C., Leviton, A,, Reed, R., Peresie, H.,
Maher, C., and Barrett, P. Deficits inpsychologic andclassroom perfor-
manceofchildren withelevateddentine leadlevels. N. EngI.J. Med. 300:
689-695 (1979).
195. Hawk, B. A., Schroeder, S. R., Robinson, G., Otto, D., Mushak, P., Klein-
baum, D., and Dawson, G. Relationofleadandsocial factorstoIQoflow-
SESchildren: apartial replication. Am. J. Mental Defic. 91: 178-183(1986).
196. Bellinger, D., Leviton, A., Waternaux, C., Needleman, H., and
Rabinowitz, M. Longitudinal analyses ofprenatal and postnatal lead ex-
posure andearly cognitivedevelopment. N. EngI. J. Med. 316: 1037-1043
(1987).
197. Davis, J. M. Risk assessmentofthedevelopmental neurotoxicity oflead.
Neurotoxicology 11: 285-292 (1990).
198. Otto, D., Robinson, G., Baumann, S., Schroeder, S. R., Mushak, P., Klein-
baum, D., and Boone, L. Five yearfollow-upstudy ofchildren with low-
to-moderate leadabsorption: electrophysiological evaluation. Environ. Res.
38: 168-186 (1985).
199. Schwartz, J., and Otto, D. Blood lead, hearing thresholds and neuro-
behavioral development inchildren andyouth. Arch. Environ. Health42:
153-160 (1987).
200. Otto, D. A., Benignus, V. A., Muller, K. E., andBarton, C. N. Effectsof
ageandbody leadburdenonCNSfunction inyoungchildren. I. Slowcor-
tical potentials. Electroenceph. Clin. Neurophysiol. 52: 229-239 (1981).
201. Bushnell, P. J., Bowman, R. E., Allen, J. R., and Marlar, R. J. Scotopic
vision deficits in young monkeys exposed to lead. Science 196: 333-335
(1977).
202. Bornshein, R. L., Hammond, P. B., Dietrich, K. N., Succop, N., Krafft,
K., Clark, S., Beger, O., Pearson, D., andQueHee, S. TheCincinnati pro-
spective study oflow-level leadexposureand itseffects onchild develop-
ment; protocol and status report. Environ. Res. 38: 4-18 (1985).
203. Bornshein, R. L., Grote, J., Mitchell, T., Succop, P. A., Dietrich, K. N.,
Krafft, K. M., and Hammond, P. B. Effects ofprenatal lead exposure on
infantsizeatbirth. In: LeadExposureandChildDevelopment-An Inter-
national Perspective (M. A. Smith, L. D. Grant, and A. I. Sors, Eds.),
Kluwer Academic Press, Bost, 1989, pp. 307-319.
204. Schwartz, J., Angle, C., and Pitcher H. Relationship between childhood
blood lead levels and stature. Pediatrics 77: 281-288 (1986).
205. Pirkle, J. L., Schwartz, J., Landis, R., and Harlan, W. R. The relationship
betweenblood lead levelsand bloodpressureand itscardiovascular risk im-
plications. Am. J. Epidemiol. 121: 246-258 (1985).
206. Weiss, S. T., Munoz, A., Stein, A., Sparrow, D., and Speizer, F. E. The
relationshipofblood leadtobloodpressure inalongitudinal studyofwork-
ing men. Am. J. Epidemiol. 123: 800-808 (1986).
207. MoreauT., Orssaud G.,Juguet, B., and Pusquet, G. Blood lead levelsand
arterialpressure: initial resultsofacrosssectional studyof431 male sub-
jects (letter). Rev. Epidemol. Sante Pub. 39: 395-397 (1982).
208. Holland, G. J., Benson, D., Bush, A., Rich, G. Q., andHolland, R. P. Air
pollution simulation and human performance. Am. J. Public Health 58:
1684-1691 (1968).
209. Hazucha, M. J., and Bates, D. V. Combined effect ofozone and sulphur
dioxide onhuman pulmonary function. Nature 257: 50-51 (1975).
210. Bedi, J. F., Folinsbee, L. J., Horvath, S. M., and Ebenstein, R. S. Human
exposuretosulfurdioxideandozone: absenceofasynergistic effect. Arch.
Environ. Health 34: 233-239 (1979).
211. Bedi, J. F., Horvath, S. M., and Folinsbee, L. J. Human exposure tosulfur
dioxideandozone inahigh temperature-humidity environment. Am. Ind.
Hyg. Assoc. J. 43: 26-30 (1982).
212. Koenig, J. Q., Covert, D. S., Hanley, Q. S., van Pelle, G., andPierson, W.
E. Priorexposuretoozonepotentiatessubsequentresponsetosulfurdioxide
inadolescentasthmatic subjects. Am. Rev. Respir. Dis. 141: 377-380(1990).
213. Lefohn, A. S., andJones, C. K. Thecharacterization ofozoneand sulfur
dioxide air quality data for assessing possible vegetation effects. J. Air
Pollut. Control Assoc. 36: 1123-1129 (1986).
214. Folinsbee, L. J., Bedi, J. F, andHorvath, S. M. Combinedeffectsofozone
andnitrogendioxideonrespiratory functioninman. Am. Ind. Hyg. Assoc.
J. 42: 534-541 (1981).
215. Graham, J. A., Gardner, D. E., Blommer, E. J., House, D. E., Menache,
M. G., andMiller, F. J. Influence ofexposurepatterns ofnitrogendioxide
and modifications by ozone and susceptibility tobacterial infectious disease
in mice. J. Toxicol. Environ. Health 21: 113-125 (1987).
216. Koenig, J. Q., Pierson, W. E., Horike, M., andFrank, R. Bronchoconstric-
tor responses to sulfur dioxide or sulfur dioxide plus sodium chloride
droplets inallergic, nonasthmatic adolescents. J. Allergy Clin. Immunol.
69: 339-344 (1982).
217. Kulle, T. J., Kerr, D., Farrell, B. P., Sauder, L. R., and Bermel, M. S.
Pulmonary function and bronchial reactivity in human subjects with ex-
posuretoozoneand respirable sulfuric acidaerosol. Am. Rev. Respir. Dis
126: 996-1000 (1982).
218. Horvath, S. M., Folinsbee, L. J., and Bedi,J. F. Combinedeffectofozone
andsulfuric acidonpulmonary function inman. Am. Ind. Hyg. Assoc. J.
48: 94-98 (1987).